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Abstract-The effects of nicorandil (SG-75) (3-500 acg/ml) on the membrane potential and currents of the rabbit sino-atrial node were studied using the voltage clamp technique.
Low concentrations of nicorandil (3-10 iig/ml) increased the action potential duration (APD) and depolarized the maximum diastolic potential (DMP), but higher concentrations had no such effects and even decreased APD and tended to hyperpolarize MDP. Regardless of these effects, nicorandil decreased the heart rate concentration-dependently.
On the current systems of the sino atrial node, 3 iig/ml of nicorandil decreased the outward current (ik), but concen trations of over 10 dig/ml increased it. The voltage dependency of the steady state activation of ik was unchanged.
Nicorandil did not affect the inward current activated by hyperpolarization (I,,) and the slow inward current (is). These results suggest that the cardiac effects induced by nicorandil must have been produced by selective change in the conductance of ik. 
Materials and Methods
Rabbits of either sex, weighing 1 .5-2.0 kg, were killed by a blow on the neck, and then the heart was quickly removed and a small sino-atrial node specimen of about 0.25 x 0.25 mm was prepared as has been described previously (7, 8).
The two microelectrode voltage clamp technique of Noma and Irisawa (7) was used. Action potentials and voltage clamp data were recorded on a storage oscilloscope (Nihon Kohden VC-10) and a pen-recorder (Nihon Kohden RJG-4124).
Membrane cur rents were recorded using a virtual ground amplifier (11 8K Analog Devices) connected to a silver wire immersed in the bath. In the voltage clamp experiments, the membrane potential was held at -40 mV, and after holding the potential for several seconds, clamp pulses were applied. The amplitudes of the time-dependent outward and inward currents were measured as the difference between the value of the current at the end of the 1 sec pulse and the 0 current level recorded when the voltage clamp was not applied.
The outward current tail after returning to the holding potential from depolarizing pulses was measured by the difference between its peak amplitude and the 0 current.
The composition of the artificial salt solution (mM/I) was NaCI, 134; KCI, 2.7; CaCl2, 1.8; MgCl2, 0.5 and H EPES, 5.0. This specimen was oxygenated with 95% 02 and 5% C02, and pH was adjusted to 7.4. The specimen was superfused at a rate of 3 ml/min. The temperature of the perfusate in the recording chamber was kept at 36±1 °C. All the recordings were made 10 min after changing to a new solution.
All the values are expressed as the mean ±S.E.M. Mean values were compared using Student's t-test for paired data, and p values less than 0.05 were considered significant. In this specimen, the maximum diastolic potential was slightly hyperpolarized , and the maximum rate of rise of action potential (Vmax) was elevated. The sinus rate was gradually decreased concentration dependently. 
Results
Effect of nicorandil on action potential of SA node cells: The effects of nicorandil, 3 to 500 ,ug/ml, were examined on the action potential of rabbit SA node cells. Figure 1 shows a typical experiment showing effects of cumulative concentrations of 30 to 500iig/ ml, and the summarized data from 13 specimens are shown in Fig. 2 . Low concen trations (3 and 10 /eg/ml) of nicorandil prolonged the action potential duration at 50% repolarization (APD) and depolarized the maximum diastolic potential (MDP). On the contrary, higher concentrations (30 500 /ug/ml) tended to decrease the APD and to hyperpolarize the MDP. However, the rate of phase 4 depolarization decreased concen tration-dependently, and the cycle length of spontaneous firing was increased. Sinus arrest, which was often induced by anti arrhythmic drugs (8, 9), was not induced by up to 500 gig/ml nicorandil. of the nicorandil induced changes in the time-dependent outward current and the outward current tail. A: current-voltage relations for the outward current at various concen trations were plotted from Fig. 3 . Three pg/ml of nicorandil (A) decreased the outward current, but 10 pig/ml or higher concentrations increased it. The inward current activated by hyperpolarization was almost unchanged.
B: Effect of nicorandil on the outward current tail was also plotted from Fig. 3 . Three pg/ml of nicorandil (A) decreased the outward current tail, but the higher concentrations increased it. The symbols used in the figure represent before (0) and after exposure to 10 pg/ml (0), 30 Ug/ml (V) and 100 jig/ml of (0) nicorandil.
Effect of nicorandil on the membrane currents of SA node cells: In order to examine the effects of nicorandil on the membrane currents, voltage clamp experiments were performed on 5 specimens. As in Fig. 3 , the membrane potential was held at -40 mV and then depolarizing or hyperpolarizing pulses, which were changed in 10 mV steps, of 1 sec duration were applied before and after exposure to nicorandil. A low concentration of 3 ,cg/ml reduced the time dependent outward current (ik) and the outward current tail. However, higher con centrations (10 ,og/ml and more) increased them concentration-dependently, and the results of Fig. 3 were plotted against the potential of the clamp pulses in Fig. 4A (1k) and 4B (outward current tail). The inward current which was activated by the hyper polarization pulse from the holding potential (ih) was almost unchanged as shown in the current-voltage curves more negative than -40 mV in Fig . 4A . Nicorandil did not affect the slow inward current (is), as shown in the transient downward current traces in Fig. 3 , observed soon after the depolarizing pulse from -40 to 0 mV. This result is con sistent with the action potential recording experiments that nicorandil did not change the maximum rate of rise of the SA node action potential (Vmax). In order to examine whether nicorandil altered the voltage de pendency of ik, the peak of the outward current tail was plotted against the clamp pulse potential, as in Fig. 4B , but by nor (1, 2, 10, 11), and the mechanism of the vasodilatation has been proposed to be due to increase in cyclic GMP (12) without affecting cyclic AMP phos phodiesterase (13) . Cholinomimetic pro perties of SG-75 on the cardiac tissue have been reported (3-6), and our results on the action potential of the rabbit SA node cells by higher concentrations of nicorandil are consistent with these reports, i.e., the action potential duration tended to decrease and the maximum diastolic potential tended to hyperpolarize. This action potential change might have been produced by the increase in the steady-state outward current (ik) by higher concentrations of nicorandil (10 ,ug/ ml or more). Such an increase in ik is known to be produced by cholinomimetic agents (14, 15) , accompanied by an increase in intracellular cyclic GMP (12), though nicorandil was not affected by atropine (4-6). Such a change in the outward current could have been produced electrophysio logically either by a change in the voltage dependency of the activation of ik or a change in the conductance of ik. Since the voltage dependency of the activation of the steady state current (p.) was not affected by nicorandil, nicorandil must have increased the conductance of the ik channel, possibly increasing the number of ik channels. The unexpected increase in the action potential duration and depolarization of the maximum diastolic potential by low concentrations of nicorandil can also be explained by the change in ik, in this case by the observed decrease in ik. For other current systems, nicorandil did not affect the slow inward current (is) and the inward current activated by hyperpolarization (ih). Though using different cardiac tissues, our voltage clamp results confirmed previous suggestions that nicorandil selectively increases the potassium conductance (3-7). As for the negative chronotropic effect of nicorandil, statistically significant changes were produced only by higher concen trations and nicorandil had no effect on is; therefore, it is most probable that the increase in ik hyperpolarized the maximum diastolic potential and decreased the slope of phase 4 depolarization, resulting in the decrease in the firing rate.
